Neuronal recruitment in the black-capped chickadee (Poecile atricapillus) hippocampus occurs at a higher rate in the fall than at other times of the year. As a means of determining whether this increase in recruitment results from greater neuron production, chickadees were caught in the wild between October and March and injected with the cell-birth marker 5-bromo-2Ј-deoxyuridine. Two weeks later, birds were killed by overdose, and hippocampal neuron production, apoptosis, neuron number, and hippocampal volume were determined. Chickadees collected in October, November, January, February, and March did not differ in neuron production, apoptosis, hippocampal volume, or neuron number. These findings indicate that increases in neuronal recruitment in the chickadee hippocampus in the fall do not result from increased neuron production, but instead, enhanced survival of new neurons.
Adult neurogenesis occurs in many species of birds, mammals, and reptiles (Doetsch & Scharff, 2001; Garcia-Verdugo et al., 2002) . In the avian brain, new neurons arise by division of radial glial cells located along the lining of the ventricles (AlvarezBuylla, Garcia-Verdugo, Mateo, & Merchant-Larios, 1998; Alvarez-Buylla, Theelen, & Nottebohm, 1990) . Developing neurons migrate along radial glial processes to their final destinations in the brain (Alvarez-Buylla Alvarez-Buylla, Theelen, & Nottebohm, 1988) . Neurogenesis occurs throughout the avian forebrain and has been most fully described in the song control nuclei, where neurogenesis shows large seasonal fluctuations (Nottebohm, 2002) . Seasonal neurogenesis has also been described in the hippocampus of a food-storing bird, the blackcapped chickadee (Barnea & Nottebohm, 1994 .
Food storing is a seasonally varying behavior that occurs in a small number of species. Hundreds to hundreds of thousands of food items can be stored over large areas in fall and winter and are later retrieved by means of accurate spatial memory (for a review, see Sherry & Duff, 1996) . The chickadee hippocampus is involved in the processing of spatial information used to retrieve cached food . Barnea and Nottebohm (1994) examined the hippocampus of the black-capped chickadee for seasonal fluctuations in neuronal recruitment. They defined recruitment as the number of labeled neurons observed 6 weeks after injection of a cell birth marker. Barnea and Nottebohm (1994) hypothesized that new neurons are required for making new memories and expected that more new neurons would be recruited into the hippocampus of the chickadee in the fall, when food-storing activity and spatial information processing for food storing begin. Chickadees that had received injections of the cell birth marker [ 3 H] thymidine in October and were sacrificed 6 weeks later had more labeled neurons in the hippocampal formation (HF) than chickadees injected in any other month of the year. Although this process of neuronal recruitment was found to fluctuate seasonally, the total number of neurons in the hippocampus did not. These results were interpreted as evidence for neuronal replacement. Because more neurons were incorporated into the HF in the fall, but the total number of HF neurons did not increase, other neurons must have been lost in order for neuron number to remain constant.
The greater number of new neurons observed by Barnea and Nottebohm (1994) in the HFs of chickadees injected in October may have resulted from a greater rate of neuron production or from greater survival and incorporation of these cells into the hippocampus in the 6-week period between administration of the cell birth marker and sacrifice. Seasonal variation in production or survival of neurons, or both, could produce the observed pattern in recruitment. Smulders, Sasson, and DeVoogd (1995) and Smulders, Shiflett, Sperling, and DeVoogd (2000) reported that the number of neurons in the hippocampus and hippocampal volume fluctuate seasonally in black-capped chickadees, with both reaching their maximum levels in the fall. hypothesized that more new neurons are produced in the fall, resulting in a larger hippocampus with increased spatial information-processing capacity. Their results differ from those of Barnea and Nottebohm (1994) , who found no overall seasonal change in hippocampal neuron number. These differing results have important implications for understanding hippocampal function. The model proposed by Barnea and Nottebohm (1994) envisions selective replacement of hippocampal neurons to permit the formation of new memories in the fall. Smulders et al. (1995 , in contrast, suggested that an overall increase in the number of neurons in the hippocampus is the mechanism underlying greater hippocampal information processing in fall.
The present study sought to determine whether the rate of neuron production in the chickadee hippocampus fluctuates over the fall and winter. Birds were caught in the wild, injected with the cell birth marker 5-bromo-2Ј-deoxyuridine (BrdU), and sacrificed 1 to 2 weeks later. This interval between administration of the cell birth marker and sacrifice allowed enough time for new neurons to express neuronal phenotype but reduced the time available for attrition of these cells. In this way, we sought to quantify seasonal change in the production of hippocampal neurons, as distinct from seasonal recruitment of neurons into the hippocampus. In addition to assessing hippocampal neuron production, we determined hippocampal neuron number and hippocampal volume. Cells were immunohistochemically stained for the neuron specific protein NeuN (neuronal nuclei specific protein; Mullen, Buck, & Smith, 1992) , making it possible to positively determine the phenotype of all neurons in the hippocampus. Hippocampal apoptosis was assessed to determine whether cell loss varied seasonally in the adult avian hippocampus.
Method

Subjects
Nineteen black-capped chickadees (Poecile atricapillus) were captured between January 2001 and February 2002 on or near the University of Western Ontario campus in London, Ontario, Canada. Birds had not previously been banded, so it was not possible to determine unequivocally whether birds were in their year of hatch or older (Smith, 1991) . The birds were housed individually in 62-ϫ 36-ϫ 36-cm cages on a 10:14-hr light-dark cycle (onset 0700) and were provided with water and a mixed diet ad libitum, supplemented with peanuts and sunflower seeds.
BrdU Administration and Immunohistochemistry
One day after capture, birds received four injections in the pectoral muscle of 0.05 ml 0.015 g/ml BrdU (Sigma, St. Louis, MO) in 0.1 M phosphate-buffered saline (PBS; pH ϭ 7.4), a dose of 75 g/g body weight. Injections were given once every 2 hr over an 8-hr period. Birds were sacrificed 1 to 2 weeks after the last injection, to allow cells dividing at the time of injection to begin expressing neuronal markers and neuronal morphology (Gould, Reeves, Graziano, & Gross, 1999) . At the time of sacrifice, birds were anesthetized with a 0.03-0.05-ml injection of a 1:1 mixture of ketamine (100 mg/ml) and xylazine (20 mg/ml) and transcardially perfused with 0.1 M PBS followed with 4% paraformaldehyde in PBS. Brains were removed and immersed in a 4% paraformaldehyde solution in PBS for approximately 20 hr, at which time the brains were placed in a vial filled with 30 ml 30% sucrose solution for cryoprotection. When the brains sank to the bottom of the vial (2 to 3 days after immersion), they were frozen in isopentane at Ϫ40°C.
Brains were sectioned in the coronal plane at 30-m thickness on a freezing microtome; usually two brains from different times of year were sectioned and processed together. Each brain was sectioned completely and every third section kept for further processing. The sections that were kept were divided into four batches of approximately 20 sections each, with sections spaced 360 m apart. Three of the four batches were stained for the antigens examined in the current study. Free-floating sections were processed for BrdU, NeuN, and apoptosis. NeuN is a DNA-binding protein specific to neurons (Mullen et al., 1992; Wolf et al., 1996) . This protein was stained to estimate total neuron numbers and to define the boundaries of structures for which volume estimates were made. The use of a neuronspecific antigen for these purposes has been previously reported and shown to be comparable to the Nissl staining method (Tramontin & Brenowitz, 1999) .
Sections to be examined for the presence of BrdU and NeuN were processed together directly after sectioning. Sections were first washed thoroughly in PBS, and those to be examined for BrdU were then immersed in 2 N HCl for 40 min. Sections were next washed in a solution of 0.1 M sodium borate (with 0.5% HCl) for 10 min and then washed in PBS. All sections were then immersed in 0.3% H 2 O 2 for 30 min. Sections were again washed thoroughly in PBS and treated with 10% normal horse serum for 30 min. Subsequently, sections were immersed in the appropriate primary antibody for 18 -20 hr (mouse anti-BrdU, 1:35 [BD Biosciences]; mouse anti-NeuN, 1:500 [Chemicon]).
After immersion in the primary antibodies, sections were washed in PBS and treated with biotinylated goat anti-mouse secondary antibody (1:200; Dako) for 1 hr. Next, sections were again washed in PBS and then treated with an avidin-biotin horseradish peroxidase complex (Vector) for 1 hr. BrdU and NeuN labeling were visualized with diaminobenzidine. Sections were mounted on 1% gelatin-coated slides and left to dry overnight. Before coverslipping, slides were dehydrated in a series of graded alcohol concentrations and then cleared in xylene.
Negative controls, which were processed by omitting the primary antibody, showed neither cytoplasmic nor nuclear staining. Positive controls for BrdU were also included in the processing of some brains. Brains collected from domestic chicks that had received at 1 day posthatch the same BrdU injection regimen as the chickadees used in this study were sectioned and processed along with six of the chickadee brains. All positive control sections examined demonstrated clear labeling of cells at frequencies similar to those reported in another juvenile bird (Ling, Zuo, AlvarezBuylla, & Cheng, 1997) .
Sections to be examined for labeling of apoptotic cells (alternate sections of the 20 originally collected) were stored in PBS for 2 days after sectioning and then washed thoroughly, treated with 0.3% H 2 O 2 for 30 min, washed in PBS again, and then immersed in 10% normal horse serum for 30 min. Subsequently, sections were subjected to permeabilization in 0.1% TritonX-100 in 0.1% sodium citrate. Apoptotic cells were visualized with an in situ cell death detection peroxidase kit (Roche) and diaminobenzidine. Negative controls that were included in tissue processing by omitting the enzyme terminal deoxynucleotidyl transferase did not show cytoplasmic or nuclear staining. Sections were mounted and coverslipped in the same manner as BrdU and NeuN labeled sections.
Morphology and Cell Counting
To obtain estimates of hippocampal volume, we captured images of the NeuN labeled sections from each brain (mean of 9 sections per bird) through a 1.25ϫ objective lens using a Zeiss Axiophot microscope and Sony Digital Color video camera; we saved the images to a computer using SigmaScan Pro Automated Image Analysis software (Jandel Scientific, San Rafael, CA). Because not all sections included the brain region of interest or because of damage to tissue, not all of the 20 sections of each brain collected and processed for BrdU, NeuN, and apoptosis were included in morphological and cell count estimates. In instances in which sections were damaged and not included in volume estimates, the distance between the sections was adjusted accordingly in calculating the volume. The saved images were imported into Scion Image (Scion Corporation PC-based version of NIH Image by Wayne Rasband). Using this program, we made bilateral area measurements of the hippocampus (hippocampus and area parahippocampalis). The boundaries used to define the area of the hippocampus were as reported by Sherry, Vaccarino, Buckenham, and Herz (1989) . We made hippocampal volume estimates using the formula for the volume of a truncated cone . All volume and cell count estimates were made by a researcher blind to the season of capture of the bird. An estimate of measurement reliability was made by remeasuring the hippocampus of the first brain traced, 2 months after the first tracing was made. Pearson correlations were calculated for the areas of both hemispheres (n ϭ 12). The correlation coefficients were .981 and .899.
The volumes of four control regions were also determined with a SPOT Insight Color video camera and SPOT Advanced imaging software (Diagnostic Instruments, Version 2.4.5 for Windows): (a) the hyperstriatum accessorium (HA), (b) the hyperstriatum ventrale and hyperstriatum dorsale together (HV/HD), (c) the neostriatum and ectostriatum together (Neo/Ecto), and (d) the septum. We defined the boundaries of HA, HV/ HD, and Neo/Ecto using the dorsal and lateral edges of the brain, the ventricle and laminae (see Figure 1) . The rostral-most measurement of these structures began when the laminae became clearly discernible, corresponding to level A3.0 of the canary atlas of Stokes, Leonard, and Nottebohm (1974) . The caudal reaches of these structures roughly corresponded to A0.8 for HA, AP0.0 for HV/HD, and P1.0 for Neo/Ecto. The boundaries used to define the area of the septum and its rostral and caudal reaches were those outlined by Shiflett, Gould, Smulders, and DeVoogd (2002) . Bilateral area measurements were made and the volumes of the structures determined with the formula for the volume of a truncated cone.
To estimate neuron number, we captured grayscale images of NeuN labeled hippocampal sections (mean of nine sections per bird) acquired at 20X objective magnification and saved these images in the same manner as those captured for hippocampal volume analysis. For each section of hippocampus, an image was captured for each hemisphere. All captured images measured 0.5 mm ϫ 0.375 mm, and this was considered the counting frame. For each section of hippocampus, the image and thus the counting frame were adjusted to include approximately equal proportions of the V-shaped, cell-dense region of the hippocampal complex and the adjacent parahippocampal area as described by Krebs, Sherry, Healy, Perry, and Vaccarino (1989) . The Scion Image program was used to count the number of neurons present in the counting frame with the density slice function. For all images, threshold levels were adjusted according to background staining. The numbers of neurons counted for both hemispheres of a section were summed and averaged across all sections. The resulting average was divided by the combined volume of the two counting frames (i.e., including section thickness) to estimate neuron density. To estimate the total number of hippocampal neurons, we multiplied neuron density by hippocampal volume.
To estimate the number of new neurons in the hippocampus and in the four control regions of the brain, we examined all sections labeled for BrdU (mean of 7.5 sections per bird) and counted all new neurons appearing in that brain region according to the morphological criterion of Gould et al. (1999;  darkly stained, round or oval nuclei approximately 10 m in diameter were counted as new neurons). In the sections that were examined (every 12th section, 360 m apart, unless a section was not counted as a result of damage), new neurons were counted exhaustively. This method of counting new neurons is more appropriate and yields a more accurate estimate than using stereological methodology in which estimates are obtained from much smaller, randomly sampled regions. Further justification for this counting method was provided by Tramontin, Smith, Breuner, and Brenowitz (1998) , who showed that similar estimates of neuron number in avian song control structures were obtained with stereological methods and random, systematic nonstereological methods of the kind used in the present study. To estimate the density of BrdU labeling, we divided the average number of labeled neurons per section of a given brain region by the mean sectional volume of the region. To estimate the total number of new neurons in the hippocampus and in the control areas, we multiplied the density of BrdU labeling in each area by the volume estimated for that area. For the hippocampus, the percentage of all neurons labeled with BrdU was also calculated.
Apoptotic hippocampal cells were counted in the same manner as BrdU labeled cells. Scoring of cells labeled as apoptotic followed guidelines presented by Burek, Nordeen, and Nordeen (1997) . The density of apoptosis labeling, the total amount of apoptosis labeling, and the percentage of all hippocampal neurons that were apoptotic were calculated in the same manner as for BrdU labeling.
Statistical Analyses
Analysis of variance (ANOVA) was used to examine total hippocampal BrdU labeling, density of BrdU labeling, and percentage of all hippocampal neurons that were new. This analysis treated season as the fixed factor with four levels-October, November, January, and February/March-and used number of days in captivity (equal to the number of days between injection of BrdU and sacrifice) as a covariate. One-way ANOVAs treating season as the independent variable were used to analyze total hippocampal apoptosis labeling, density of apoptosis labeling, percentage of all hippocampal neurons that were apoptotic, hippocampal neuron number, and hippocampal volume.
To analyze the control regions (HA, HV/HD, Neo/Ecto, and septum) for total BrdU labeling, density of BrdU labeling, and volume, we conducted separate one-way ANOVAs for each dependent variable for each control region. In these one-way ANOVAs, season was treated as the independent variable.
Results
Hippocampal Neurogenesis
The primary objective of this study was to determine whether neuron production fluctuates in the chickadee hippocampus over the fall and winter. Because we examined 12 dependent variables, we constructed a correlation matrix to determine what relationships, if any, might exist among these variables. For the hippocampus, positive correlations were found between total neurogenesis and neuron number (r ϭ .685, p Ͻ .01, n ϭ 18), between total neurogenesis and hippocampal volume (r ϭ .490, p Ͻ .05, n ϭ 18), and between neuron number and hippocampal volume (r ϭ .867, p Ͻ .01, n ϭ 19). These correlations show that larger HFs have more neurons and show more neurogenesis. To control for this effect of hippocampal size, we calculated two relative mea- sures of neuron production: density of new neurons, which equals the mean number of labeled neurons per section of hippocampus divided by the mean hippocampal sectional volume, and percentage of new neurons, which equals total BrdU labeling divided by number of hippocampal neurons.
Chickadees in captivity show less neuronal recruitment than chickadees in the wild (Barnea & Nottebohm, 1994) , and because not all of the birds in our study were in captivity for the same amount of time, we wanted to know whether there was any relationship between number of days in captivity (equal to the number of days between injection of BrdU and sacrifice) and amount of hippocampal neurogenesis. Pearson correlations revealed negative relationships between number of days in captivity and total hippocampal BrdU labeling (r ϭ Ϫ.55, p Ͻ .05, n ϭ 18), density of BrdU labeling (r ϭ Ϫ.50, p Ͻ .05, n ϭ 18), and percentage of all hippocampal neurons that were new (r ϭ Ϫ.51, p Ͻ .05, n ϭ 18; see Figure 2 ).
An ANOVA with number of days in captivity as a covariate revealed no significant difference in total hippocampal BrdU labeling, F(3, 18) ϭ 1.28, ns; density of BrdU labeling, F(3, 18) ϭ 0.83, ns; or percentage of all hippocampal neurons that were new, F(3,18) ϭ 1.03, ns (see Figure 3) , over the fall and winter months examined (see Figure 4A for an image of BrdU labeling).
Hippocampal Neuron Number and Volume
We were also interested in whether, for hippocampal neuron number and hippocampal volume, there was any relationship with the number of days that the birds spent in captivity. Pearson correlations did not reveal any relationship between hippocampal neuron number or hippocampal volume and number of days in captivity. Hippocampal neuron number did not differ significantly over the fall and winter months examined, F(3, 15) ϭ 1.33, ns, nor did hippocampal volume, F(3, 15) ϭ 2.00, ns (see Figure 5 ; Figure  4B shows NeuN labeling). Smulders et al. (1995 used the general linear model to analyze seasonal changes in chickadee hippocampal volume and neuron number and to take into account variation in variables such as age, sex, and telencephalon volume. We conducted further statistical analyses examining hippocampal volume and neuron number using the general linear model to take into account variation in volumes of the four other regions of the brain assessed: HA, HV/HD, Neo/Ecto, and septum. In these analyses, the volume of each of the four regions was entered as a separate variable. We found no significant differences in hippocampal neuron number, F(3, 17) ϭ 0.750, ns, or hippocampal volume, F(3, 17) ϭ 0.339, ns, over the months examined. When sex of the bird was included in the analyses, the January group had to be excluded because sex was not available for birds in that group. This analysis also showed no significant differences in neuron number, F(2, 12) ϭ 0.187, ns, or volume, F(2, 12) ϭ 0.151, ns, over the months examined.
Hippocampal Apoptosis
Pearson correlations did not reveal any relationship between number of days in captivity and hippocampal apoptosis. Analysis of hippocampal apoptosis revealed no significant differences in total number of apoptotic neurons over the months examined, F(3, 11) ϭ 0.85, ns (see Figure 6 ). No significant differences were found in the density of apoptotic neurons, F(3, 11) ϭ 1.06, ns (Figure 6 ), or in the percentage of hippocampal neurons that were apoptotic, F(3, 11) ϭ 0.89, ns (Figure 6 ).
Control Regions
No significant differences in total number of new neurons over the fall and winter months were found in HA, F(3, 10) ϭ 1.70, ns; HV/HD, F(3, 11) ϭ 2.28, ns; Neo/Ecto, F(3, 11) ϭ 2.67, ns; or septum, F(3, 14) ϭ 0.93, ns. Similarly, no significant differences in the density of new neurons across the fall and winter were found in HA, F(3, 12) ϭ 1.14, ns; HV/HD, F(3, 13) ϭ 0.92, ns; Neo/Ecto, F(3, 13) ϭ 2.25, ns; or septum, F(3, 14) ϭ 1.72, ns. No Figure 2 . Number of 5-bromo-2Ј-deoxyuridine (BrdU)-labeled neurons in hippocampus (HP; top, n ϭ 18), percentage of neurons labeled (middle, n ϭ 18), and density of labeled neurons (bottom, n ϭ 18) as a function of days in captivity. Symbols represent individual chickadees. significant volume differences were found across the seasons examined in HA, F(3, 11) ϭ 1.04, ns, or Neo/Ecto, F(3, 11) ϭ 2.71, ns. The volume of the septum, however, was found to change significantly over the seasons examined, F(3, 14) ϭ 3.56, p Ͻ .05 (see Figure 7 ). Tukey's honestly significant difference (HSD) tests revealed no specific differences among the 4 months. The volume of HV/HD was also found to change significantly over the fall and winter, F(3, 11) ϭ 12.11, p Ͻ .01 (Figure 7 ). Tukey's HSD tests showed significant differences in volume between November and October ( p Ͻ .01), November and January ( p Ͻ .01), and November and February/March ( p Ͻ .01).
To further assess the significant enlargement of HV/HD in November, we examined cross-sectional areas of the structure over the entire rostral/caudal extent of HV/HD (see Figure 8A ). As shown in Figure 8A , HV/HD extended across a maximum of 9 sections (with each spaced 360 m apart) in November birds, a maximum of 8 sections in October and January birds, and a maximum of 6 sections in February/March birds. The rostral and caudal reaches of HV/HD were defined by the visibility of the laminae. To first determine whether the HV/HD was expanding along the rostral/caudal axis, we calculated the length of the structure for each brain by multiplying the number of sections by the distance separating each of the sections (360 m). An ANOVA of the length of HV/HD showed a significant change, F(3, 11) ϭ 5.31, p Ͻ .05 ( Figure 8B ). Tukey's HSD tests revealed a significant difference in the length of the structure between October and November ( p Ͻ .05). We also analyzed the mean section areas for each brain at rostral, middle, and caudal points across the extent of the HV/HD corresponding to Sections 1, 3, and 5 in Figure 8A . Comparisons of more caudal section areas were not possible for some months because HV/HD did not extend far enough caudally. Significant differences in area were found at the rostral end of the structure, F(3, 11) ϭ 5.52, p Ͻ .05, corresponding to Section 1 in Figure 8A . Tukey's HSD tests revealed a significant difference in sectional area between November and January ( p Ͻ .05).
Power Analyses
Because no significant differences were found on any of the measures of hippocampal neurogenesis, and because no significant differences were found in hippocampal neuron number, volume, or apoptosis, we determined the power of our analyses to detect differences between months. To do so, we calculated the minimum detectable difference for a power of .90 for each nonsignificant measure according to procedures detailed by Zar (1999, Equation 10 .36). In some cases, it was possible to make comparisons with previously reported effect sizes.
Hippocampal neurogenesis. Our analysis had a power of .90 to detect a difference of 0.24% or greater in the percentage of all hippocampal neurons that were new between months. Barnea and Nottebohm (1994) reported a significant difference in neuronal recruitment between October and February/March of 0.4%. The data we obtained were thus adequate to detect effects somewhat smaller than this in neuron production. For density of BrdU labeled neurons, we had a power of .90 to detect differences of 43.45 neurons/mm 3 or greater between months. The mean density of hippocampal neurons was 26.31 neurons/mm 3 , and we therefore had a power of .90 to detect a 2.65-fold increase in neuron density. This is the first study, to our knowledge, to assess seasonal change in neuron density in the hippocampus, but values are available for seasonal change in neuron density in the high vocal center (HVC) of the song sparrow (Melospiza melodia morphna; Tramontin & Brenowitz, 1999) . The density of new neurons in the song sparrow HVC is 2.85 times greater in fall than in spring. Our analysis had a power of .90 to detect slightly smaller differences between months in hippocampal neuron density. For total hippocampal BrdU labeling, we had a power of .90 to detect a difference of 577 neurons or greater among months. The mean total of BrdU labeled hippocampal neurons was 321.33, and we therefore had a power of .90 to detect a 2.80-fold increase in total BrdU labeled neurons.
Hippocampal neuron number and volume. Our analysis had a power of .90 to detect a difference of 125,014 neurons or greater in the hippocampus among months. found significantly more neurons in the chickadee hippocampus in October than at any other time of the year. They reported that in October there are approximately 203,000 more neurons in the hippocampus than at other times of the year. The data we obtained were thus adequate to detect effects smaller than this in neuron number.
Our analysis had a power of .90 to detect a difference of 6.30 mm 3 or greater in hippocampal volume among the months examined. In a seasonal study of chickadee hippocampal volume, Smulders et al. (1995) found that in October the hippocampus was 7.95 mm 3 larger than it was in February and that this difference was significant. The data we obtained were thus adequate to detect effects smaller than this in hippocampal volume.
Hippocampal apoptosis. For total hippocampal apoptosis, density of apoptotic neurons, and percentage of all hippocampal neurons that were apoptotic, the respective minimum detectable differences calculated were as follows: ␦ ϭ 265, ␦ ϭ 19.95/mm 3 and ␦ ϭ 0.13%. With these minimum detectable differences, we had the power to detect approximately a quadrupling in all three measures. This power is clearly rather low, and we therefore wished to know whether increasing the number of birds in each group would increase our power to detect smaller effect sizes. Following Zar (1999) , we determined that it would be possible to detect a doubling for all three measures with a power greater than .90 by increasing the size of each group to 10 birds. To detect smaller effects, however, such as an increase in apoptosis of 25%, more than 100 birds would be required in each group. It is clearly necessary to obtain a more sensitive measure of hippocampal apoptosis. Figure 6 . Mean (Ϯ SEM) number (top), density (middle), and percentage (bottom) of hippocampal (HP) apoptotic neurons in October (n ϭ 5), November (n ϭ 4), January (n ϭ 2), and February/March (n ϭ 4). 
Discussion
This study revealed no significant differences in hippocampal neurogenesis in black-capped chickadees over the period October to March. We found no significant differences in apoptosis in the hippocampus over the same period. Furthermore, volume of the hippocampus and number of neurons in the hippocampus were not found to change over the fall and winter months. No seasonal patterns in neurogenesis emerged in any of the control regions examined, although the volume of one of the four control regions examined, the HV/HD, did change seasonally, being at its largest in November. . Mean (Ϯ SEM) volume of hyperstriatum accessorium (HA), hyperstriatum ventrale/hyperstriatum dorsale (HV/HD), neostriatum/ectostriatum (Neo/Ecto), and septum. Samples sizes were as follows: October, n ϭ 5; November, n ϭ 3; January, n ϭ 4; and February/March, n ϭ 3 (except for septum: November, n ϭ 4; February/March, n ϭ 5). Stars indicate significant differences between months according to Tukey's honestly significant difference test ( p Ͻ .01).
An examination of hippocampal neurogenesis in relation to the duration of time birds were housed in captivity (equal to the number of days between BrdU injection and sacrifice) revealed a significant negative relationship. In this study, the amount of time that birds were housed in captivity ranged from 7 to 18 days. Birds housed for shorter durations showed more hippocampal neurogenesis than birds held longer in captivity. Previous research on avian neurogenesis has shown that most neurons produced in adulthood do not live for more than a year, and many new neurons die within months of being produced (Nottebohm, 2002) . Relatively little work has examined the survival of newly produced neurons over their first month. One study of the survival of new neurons in the canary song nucleus HVC for 31 days after their production showed that half of the new neurons present in the HVC on Day 15 were gone on Day 22 (Kirn, Fishman, Sasportas, Alvarez-Buylla, & Nottebohm, 1999) . The results obtained by Kirn et al. (1999) are consistent with the effect found in this study, suggesting that there is attrition of new hippocampal neurons within weeks of neuron production.
There are several factors that may further affect the disappearance of new neurons in the chickadee hippocampus so soon after their production. The stress of captivity may cause an increase in neurochemical signals that lead to cell death or a reduction in factors promoting cell survival. Another possibility is that new neurons not immediately required for use in the hippocampus fail to become recruited into hippocampal circuitry. If new neurons are required to make new memories, as suggested by Nottebohm (2002) , then chickadees in our study might have shown increased attrition of new neurons because there was little opportunity for the captive birds to store food and thereby create new spatial memories. Finally, it is possible that many new neurons are usually lost soon after their production in the chickadee hippocampus, perhaps because their use is short lived, and that the pattern we observed in captive birds reflects normal attrition of new hippocampal neurons in birds in the wild.
Hippocampal Neurogenesis
One aim of this study was to determine whether the October increase in neuronal recruitment observed by Barnea and Nottebohm (1994) in the chickadee hippocampus was due to an increase in neuron production. We found that the number of new neurons produced in the chickadee hippocampus each month did not differ from October to March. This suggests that the difference in neuronal recruitment that Barnea and Nottebohm saw between October and February/March was due to the increased survival of new neurons formed in October and not the enhanced production of new neurons.
The constant rate of neuron production we found is consistent with results for a food-storing mammal. Lavenex, Steele, and Jacobs (2000a) examined the rates at which new neurons are produced in the granule cell layer of the wild adult eastern gray squirrel. Animals from October, January, and June were injected twice with BrdU and sacrificed 24 hr later. No differences in the rates of cell production were found.
In this study, we used the morphology of cells stained for BrdU with diaminobenzidine to identify neuronal phenotype. Although we may have erroneously counted some large glia as neurons and not included in our counts some small neurons that appeared to be glial cells, a recent study conducted by Absil, Pinxten, Balthazart, and Eens (2003) showed very good correspondence between estimates of neurogenesis obtained by assessing the morphology of DAB labeled cells and estimates obtained by fluorescent labeling cells for BrdU and the neuron-specific protein ␤-III tubulin.
Hippocampal Neuron Number and Volume
Another aim of this study was to examine hippocampal neuron number and volume across fall and winter in the chickadee in an attempt to distinguish between two competing hypotheses. In their seasonal study of neuronal recruitment in the chickadee, Barnea and Nottebohm (1994) found that the total number of neurons in the hippocampus did not fluctuate over the year. From this they posited that seasonal recruitment of new neurons into the HF in October must represent a process of neuronal replacement: If cells are added to the hippocampus in October, but the total number of cells does not increase, then other cells must be dying for there to be no increase in total neuron number. However, in two other seasonal studies of the chickadee hippocampus, peaks in both volume and neuron number were found in October (Smulders et al., 1995 . From this result, hypothesized that an overall larger hippocampus with more neurons occurs in October-the month when seasonal food caching begins-to deal with the heightened demands on spatial memory processing. After staining the neuron-specific protein marker (NeuN) to establish hippocampal boundaries and counting total numbers of neurons, we found no difference in neuron number or volume from October to March. This result is most consistent with the findings of Barnea and Nottebohm (1994) and provides further support for their neuronal replacement hypothesis.
The absence of seasonal differences in volume and neuron number in the hippocampus of chickadees is also consistent with results obtained for adult eastern gray squirrels. Lavenex, Steele, and Jacobs (2000b) examined gray squirrels in October, January, and June and found no differences in hippocampal volume or hippocampal neuron number. Attempts to induce seasonal change in the size of the hippocampus in black-capped chickadees by manipulation of photoperiod in captivity have, likewise, produced no detectable changes in hippocampal volume (Krebs, Clayton, Hampton, & Shettleworth, 1995; MacDougall-Shackleton, Sherry, Clark, Pinkus, & Hernandez, 2003) .
Hippocampal Apoptosis
To further understand the addition of new neurons to the chickadee hippocampus, we assessed levels of apoptosis over the fall and winter. Given that we found no fluctuations in hippocampal cell production, neuron number, or volume, it is not surprising that we did not find any differences in apoptosis on any of our three apoptotic measures from October to March. These results, taken together with the other findings of this study, provide more support for the idea of neuronal replacement than for seasonal hippocampal growth. According to , an increase in the total number of neurons in the hippocampus in October would be followed by a subsequent increase in apoptosis to coincide with decreased spatial memory processing. We found no increase in apoptosis after October. However, the results regarding apoptosis must be interpreted with caution, because the power to detect potential differences was quite low. To detect differences in hippocampal apoptosis smaller than a doubling, a more sensitive assay would be required.
Control Regions
No differences in neurogenesis were found over the fall and winter in any of the four control regions examined (HA, HV/HD, Neo/Ecto, and septum). Furthermore, no seasonal changes in volume were found in HA or Neo/Ecto. Septal volume was found to differ significantly over the fall and winter, a result consistent with that obtained by Shiflett et al. (2002) . Unexpectedly, the volume of HV/HD was also found to fluctuate over the fall and winter. The structure, which was found to be at its largest in November, varied significantly along its rostral/caudal axis. In domestic chicks, the hyperstriatum ventrale is important for the processes of imprinting and passive avoidance (Csillag, 1999; McCabe & Nicol, 1999) . In adults, the hyperstriatum ventrale is associated with feeding innovation and behavioral flexibility (Timmermans, Lefebvre, Boire, & Basu, 2000) . Further seasonal study of the structure would be required to determine more precisely what cellular events and processes might be responsible for the November enlargement and the behavioral consequences, if any, of such enlargement.
Conclusion
The results of this study showed that neurogenesis, neuron number, and volume are stable in the hippocampus of the foodstoring black-capped chickadee over the fall and winter months of the year. These results suggest that the increased level of neuronal recruitment observed by Barnea and Nottebohm (1994) in the chickadee hippocampus in October was a result of increased survival of cells rather than an increase in neuron production. Our results also support the notion of neuronal replacement in that a stable hippocampal neuron number suggests that some neurons in the hippocampus must be lost to balance increases in new neuron survival. Seasonal variation in survival of new hippocampal neurons in a natural population suggests that there is seasonal variation in hippocampal activity in black-capped chickadees. A variety of ecological variables and behaviors change seasonally in chickadees, but one behavior with pronounced seasonal fluctuation and known hippocampal involvement is food storing. Understanding the seasonal pattern of hippocampal neurogenesis in food-storing birds may help us better understand the function of neurogenesis in the adult brain.
